The measurement of circulating miRNAs has proven to be a powerful biomarker tool for several disease processes. Current protocols for the detection of miRNAs usually involve an RNA extraction step, requiring a substantial volume of patient serum or plasma to obtain sufficient input material.
INTRODUCTION
The detection and measurement of miRNAs from blood is rapidly becoming recognized for its potential to be a powerful biomedical tool for the early detection, diagnosis, and/or monitoring of a wide range of diseases [1, 2] . An explosion of published reports over the past decade have described the identification of circulating miRNA biomarkers for cancer [3] [4] [5] , infectious disease [6] , cardiovascular disease [7] [8] [9] , and neurodegenerative disorders [10, 11] . Adding to the excitement surrounding circulating miRNAs as clinically relevant biomarkers, the ability to obtain patient which may contribute to reproducibility issues across and within miRNA detection platforms [14, 16, [20] [21] [22] . Traditional RNA extraction approaches involve phenol:chloroform steps to separate RNAs from associated proteins, followed by precipitation and pelleting of RNA in alcohol. TRIzol and Tri-Reagent, commercially available products based on this approach, can be used for the isolation of miRNAs; however, the small size of miRNAs makes them difficult to efficiently pellet after precipitation in alcohol, introducing a potential source of sample-to-sample variability. Furthermore, miRNAs with low GC content have been observed to be selectively lost when preparing samples with TRIzol [23] , indicating that inherent biases may be introduced in sample miRNA content using these methods.
Several commercial kits employing column-based purification techniques are also available, including the miRNeasy Mini Kit from Qiagen (Carlsbad, CA), mirVana PARIS miRNA Isolation Kit from ThermoFisher (Waltham, MA), and mirPremier miRNA Isolation Kit from Sigma (St. Louis, MO). These kits use multistep processes in which bloodderived samples are exposed to lysis buffers and denaturants, passed through RNA-binding filters, washed, and then eluted from the filters with specific buffers. In addition to requiring significant volumes of starting plasma or serum to obtain sufficient miRNA yields, high variability in array results can be attributed to the different isolation methods used [24] . As with TRIzol and Tri-Reagent methods, the incomplete removal of denaturants can influence downstream target amplification, affecting absolute and/or relative miRNA quantification [25] . Little appears to be reported about the efficiency of miRNA elution from columns, but incomplete and/or selective elution of miRNAs from these filter substrates would effectively alter sample composition and miRNA measurements.
Here, we describe a simple plasma and serum processing step that prepares samples for the reliable detection of miRNAs by qRT-PCR while avoiding pitfalls of commonly employed miRNA extraction protocols. Importantly, this process relies strictly on rapid temperature changes that are thought to release membrane-bound miRNAs and does not require the addition of chemical reagents that may affect downstream detection methods (qRT-PCR, next-generation sequencing, microarrays, etc.). Because samples processed by this method are not subjected to purification steps that can result in material loss (either selective or in general) or dilution/elution, downstream detection methods receive inputs that fairly represent the original sample without being compromised by purification processes that may or may not be completely efficient. While it would be generally thought that exposure of plasma and serum to cycles of elevated temperatures would reduce sample integrity, thereby decreasing miRNA stability and subsequent detection, our results demonstrate that miRNA detection and reproducibility is actually improved by this methodology.
MATERIALS AND METHODS

Blood Collection, Storage, and Freeze-thaw Cycling
Blood collection was performed using standard phlebotomy techniques in accordance with an approved IRB protocol at the University of Colorado Denver. Unless otherwise noted, BD vacutainers (Becton, Dickinson and Company, Franklin Lakes, NJ) were used for blood collection. Blood from a single control individual was used for experiments shown in Figs. (1) (2) (3) (4) (5) . Serum was used in most experiments as it is less prone to hemolysis than plasma. Serum is prepared by the intentional activation of platelets and clotting cascades. In addition to releasing the contents of their granules, platelets become part of the fibrin network that is formed and are efficiently removed upon centrifugation. White blood cells likely get trapped in these networks as well and are pulled down during serum preparation.
Sample Processing -Experimental Groups
Plasma (N=1) was prepared by collecting whole blood into vacutainers containing anticoagulant citrate dextrose (ACD). Samples were centrifuged at 850 x g for 20 minutes at 10°C. The supernatant, or plasma, was then aliquoted into 1.5ml microcentrifuge tubes and stored at -80°C. Serum (N=2) was prepared by collecting whole blood into red-top clot-activating vacutainers. After allowing the blood to clot by incubation at room temperature for >10 minutes, samples were centrifuged at 850 x g for 20 minutes at 10°C. The supernatant, or serum, was then aliquoted into 1.5ml microcentrifuge tubes and stored at -80°C.
Serum miRNA (N=2) samples were prepared using Qiagen's miRNeasy Plasma/Serum Mini Kit as per the manufacturer's instructions. 250μl of unprocessed serum was used for each sample preparation, resulting in 50μl of purified serum miRNA. Eluted RNA was stored at -80 o C and defrosted on ice before use. 5X Freeze/Thaw (F/T)-cycled Serum (N=1) samples were prepared by taking an aliquot of serum and subjecting it to a total of five F/T cycles. Serum was initially thawed on ice until no evidence of frozen material was observed, aliquoted into two tubes, and returned to a -80°C freezer for one hour. One of the two tubes was then removed from the freezer, thawed on ice, and returned to the -80°C freezer. The F/T-cycled sample was cycled through this freeze-thaw process a total of five times.
Heat/Freeze (H/F)-cycled Plasma and Serum (N=2 each) samples were prepared by taking an aliquot of plasma or serum and subjecting it to rapid H/F cycles. Briefly, plasma and serum samples were thawed on ice, and 10ul of each sample was aliquoted into a new microcentrifuge tube. The tube was placed into a 65°C heat block for 5 minutes and then placed immediately into a dry ice-ethanol bath to rapidly freeze the sample before being returned to the 65°C heat block. This heat-freeze cycle was repeated three times. Three μl of the H/F-cycled sample was then used for the Taqman array without further storage at -80 o C.
5X F/T-cycled, then H/F-cycled (N=1) samples were prepared by subjecting 5X F/T-cycled serum to the H/Fcycling process as described above.
MegaPlex™ Pool and TaqMan ® Low Density Array
A modified MegaPlex Pool and TaqMan Low Density Arrays protocol was performed for plasma and serum samples as recommended by the manufacturer (Applied Biosystems, Foster City, CA). Briefly, 7 l of reverse transcription reaction mix was prepared using a modified MegaPlex™ Pools protocol that consisted of 1 l MegaPlex RT primers, 3 mmol/liter deoxyribonucleoside triphosphates, 2 l MultiScribe Reverse Transcriptase, 0.2 l RNAse Inhibitor, 3 mmol/liter magnesium chloride, 1 l reverse transcription buffer and 1.3 l of nuclease free water. The reaction mix was completed with 3 l of serum, vortexed briefly, and then collected by brief centrifugation.
After completion of the reverse transcription cycle, complimentary DNA products were pre-amplified using MegaPlex™ PreAmp Primers (10x) to account for miRNAs expressed at low levels. 40 l of reaction mix was prepared consisting of 25 l of TaqMan PreAmp Master Mix (2x), 5 l MegaPlex PreAmp Primers, and 10 l of nuclease free water. To this 40 l reaction mix, all 10 l of the RT product was added.
Nine l of pre-amplified product was diluted in 445 l TaqMan Universal PCR Master Mix, No UNG (2x) and 445 l nuclease free water for a total of 899 l of real-time PCR reaction mix. The reagents were mixed by brief vortexing. 100 l of real-time PCR reaction mix was pipetted into each of the 8 fill reservoirs of a TaqMan 384-Well Array pre-loaded with TaqMan Gene Expression Assays. The array plate was centrifuged twice consecutively for 1 minute at a time at 331xg. After centrifugation, the TaqMan Array card was placed in a sealer to isolate the wells of the array and then run in an ABI7900HT system for quantitative real-time PCR analysis.
The MegaPlex Pool and TaqMan Array system consists of two sets of MegaPlex RT and PreAmp primers, designated as Pool A and Pool B, as well as TaqMan arrays specific to each primer pool and designed together to test a total of 754 miRNAs. For this study, only Pool A was tested with the assumption that relative comparisons related to the number of targets detected and the correlation of these measurement would be a representative sampling of the miRNAs included in both arrays.
Data Analysis
Array analysis was performed using the Expression Suite Software version 1.0 (Life Technologies). Only miRNAs that displayed Ct values <32 were included in the analysis. Linear regression was determined using Pearson correlation and was based on Ct values of commonly detected miRNAs. miRNAs IDs and Ct values are presented in the Supplemental Table. Cohen Kappa statistics were used to determine reliability of miRNA detection between duplicate samples [26] . 
RESULTS
miRNA Measurement with Serum and Plasma
Given the potential for miRNA purification methods to alter target representation within blood-derived samples, the ability to use serum and plasma directly in downstream miRNA detection steps would be a significant advantage when considering both the volume of patient sample needed for analysis as well as the reduction in processing steps that could introduce sample artifacts and/or biases. To establish the validity of using plasma and serum directly for miRNA quantification, TaqMan miRNA array cards were used to measure miRNAs from the same original patient sample. Three μl of serum or plasma was loaded directly into reaction mixtures.
As shown in Fig. (1A) , of the 373 targets included in the TaqMan miRNA array Pool A Card, a total of 53 miRNAs were detected in different aliquots of serum taken from the same patient sample. 18 miRNAs were detected in both aliquots, with 35 miRNAs measured in only one of the aliquots (22 unique miRNAs in one sample vs. 13 unique miRNAs in the other sample). These data indicate that, while it is possible to measure miRNA in serum without first performing extraction steps, the reproducibility of results is low (R 2 value= 0.42; p-value=0.08). When comparing miRNA measurements from serum and plasma derived from the same patient, 24 miRNAs were detected in both plasma and serum samples, with 15 miRNAs detected only in plasma and 29 in serum samples (Fig. 1B) . 39 miRNAs were detected in plasma using this methodology. No correlation between plasma and serum samples was observed (Serum-1 vs. Plasma: R 2 value= 0.16; p-value=0.45 and Serum-2 vs. Plasma: R 2 value= 0.07; p-value=0.78) (Fig. 1B and S1 ).
RNA Extraction Improves miRNA Detection
To investigate whether RNA extraction/purification from serum improves miRNA detection, RNA was purified using Qiagen's miRNeasy kit from two aliquots of serum taken from the same patient sample. As shown in Fig. (2A) , 145 miRNAs were detected in both samples, with 48 miRNAs measured in only one of the processed aliquots (31 unique miRNAs in one sample vs. 17 unique miRNAs in the other sample). The extraction of miRNA from serum using the miRNeasy kit substantially increased the number of miRNAs that were detected with the Taqman arrays (Fig. 2B) , with only 42 miRNAs detected in both serum and miRNA extracted from the same serum sample. Of note, the reproducibility of miRNA quantification was high when comparing the two miRNA-extracted samples (R 2 value= 0.93; pvalue<0.0001, Fig. 2A Fig. 2B and S2 ).
miRNA Detection is Improved in Serum Samples Submitted to Rapid H/F Cycling when Compared to Unprocessed Samples
Given the limited reproducibility of miRNA detection when using plasma and serum directly in Taqman arrays, combined with the significant increase in detectable miRNAs following extraction with the miRNeasy kit, we hypothesized that miRNA detection in unprocessed samples was being affected by the encapsulation of miRNAs in circulating vesicles. In an attempt to release RNAs from circulating vesicles without damaging miRNAs and/or introducing foreign reagents that would alter sample composition (denaturants, diluents, etc), serum samples were aliquoted and exposed to a variety of temperature change regimens. As shown in Fig. (3A) , samples exposed to a rapid H/F cycling process showed a significantly increased number of detectable miRNAs, with a total of 114 and 115 miRNAs detected in each sample, respectively (91 miRNAs were detected in both samples, and 23 and 24 miRNAs were detected in one sample but not the other). Compared to unprocessed serum, a substantial number of miRNAs is detected after H/F-cycling (138 targets total in the two H/F-cycled samples compared to 53 targets in unprocessed serum samples derived from the same serum aliquot) (Fig. 3B) . Similar to miRNeasy RNA extraction method, reproducibility of quantifiable miRNA detection was high when comparing the two H/F-cycled samples (R 2 value= 0.92 p-value<0.0001 - Fig. 3A Fig. 3B and S3) . Importantly, as discussed below, miRNAs known to be present in microvesicles, miR26a, miR-21-5p, miR-451a, miR-92a, let 7 family -reviewed in [25] , are only present after the H/F cycle (Table  S1 ).
H/F-cycled Serum and Extracted RNA Samples Yield Comparable miRNA Profiles
To determine if the detection of miRNAs in H/F-cycled serum is comparable to extracted RNA, samples processed by both methodologies were compared. As shown in Fig.  (3C) , a total of 123 miRNAs were detected in H/F-cycled and RNA-extracted serum, with 82 miRNAs commonly detected in all 4 samples, 15 unique miRNA detected in H/F- Figs. 3C and S4) . Although a higher total number of miRNAs were detected in the miRNeasy-purified samples, these data indicate that the H/F-cycled method is highly reproducible while using significantly smaller sample volumes.
Repeated F/T Cycles Affect Detection of miRNAs in Unprocessed Serum but not in H/F-cycled Serum
We next investigated whether repeated F/T cycles affect miRNA detection in these samples. As shown in Fig. (4A) and S5, few miRNAs were detected in all 3 serum samples, and the correlation between measured miRNAs was low (Serum-1 vs. Serum F/T: R 2 value= 0.58; p-value=0.012 and Serum-2 vs. Serum F/T: R 2 value= 0.51; p-value=0.019). H/F-cycled serum, however, appears to overcome the deleterious effects of freeze/thaw cycles, perhaps a result of causing a more complete release of vesicle-encapsulated miRNAs. As shown in Fig. (4B) , a serum sample that had been exposed to five F/T cycles to mimic repeated removal from storage was then processed with the H/F-cycle method and showed a similar miRNA profile as the original H/F-cycled sample: 87 miRNAs were commonly detected between all samples, and a significant correlation between expressed miRNAs was observed (Serum H/F-1 vs. Serum F/T+H/F: R 2 value= 0.89; p-value<0.0001 and Serum H/F-2 vs. Serum F/T+H/F: R 2 value= 0.81; p-value<0.0001 - Figs. 4B and S5 ).
H/F-cycling Improves Correlation between miRNA Profiles of Plasma and Serum
Because plasma is also known to contain extracellular vesicles [27] , we hypothesized that H/F-cycling would improve the measurement of miRNAs in plasma samples. To test this hypothesis, two plasma samples were processed with the H/F-cycling method and analyzed with the Taqman array. As shown in Fig. (5A) , 82 miRNAs were detected in both plasma samples, with only 25 and 26 unique miRNAs detected in samples 1 and 2, respectively. Moreover, the correlation between the two H/F-cycled plasma samples was similar to that observed for H/F-cycled serum samples (Plasma H/F-1 vs. Plasma H/F-2: R 2 value= 0.95; pvalue<0.0001). However, correlation between H/F-cycled plasma and standard plasma was low (Plasma H/F-1 vs. Plasma standard: R 2 value= -0.24; p-value=0. 28 and Plasma H/F-2 vs. Plasma standard: R 2 value= -0.21; p-value=0.36 -data not shown), indicating that the H/F-cycling process had significantly altered the ability to detect miRNAs in these samples.
When comparing the Taqman miRNA array profiles of unprocessed plasma and serum (Fig. 1B above) , little correlation between the two blood fractions was observed. However, when plasma and serum samples were processed with the H/F-cycling method, there was a significant increase in the number of targets detected in both sample types, with most targets found to be present in both plasma and serum fractions (Figs. 5B and S6) , and a high correlation between samples (Serum H/F-1 vs. Plasma H/F-1: R 2 value= 0.92, pvalue<0.0001; serum H/F-2 vs. plasma H/F-1: R 2 value= 0.91; p-value<0.0001; serum H/F-1 vs. Plasma H/F-2: R 2 value= 0.86; p-value<0.0001; serum H/F-2 vs. plasma H/F-2: R 2 value= 0.84; p-value<0.0001).
Cohen Kappa Statistics Indicate Substantial Agreement between H/F and RNA-extracted Samples but not Between Unprocessed Samples
Cohen Kappa statistics were used to determine reliability of miRNA detection between duplicate samples. As shown in Table 1 , substantial agreement was observed when comparing arrays using extracted RNA or H/F method. However, array comparisons using unprocessed serum or plasma resulted only in fair agreement. 
DISCUSSION
As circulating miRNAs become more prevalent in the medical research and diagnostic fields, identification of optimal sample handling methods for the reliable detection of miRNAs in blood fractions will become more and more critical to establishing the utility of measuring miRNAs in these "liquid biopsies." In the work presented here, a method for improving miRNA detection in plasma and serum is described. Detection of miRNAs after miRNA extraction can prove to be difficult when using samples from pediatric patients since, often, blood volumes obtained are relatively small. To circumvent this problem, guidelines from TaqMan array card suggest the use of 3 μl of serum or plasma without RNA extraction. As shown in Fig. (1) and Table 1 , a limited number of miRNAs is identified using unprocessed serum.
To justify the use of unprocessed samples, the detection of circulating miRNAs would need to be comparable, at the very least, to the detection of miRNAs in samples that had been subjected to standard miRNA purification processes. A portion of circulating miRNAs are thought to be contained within membraned vesicles (EV, exosomes, etc) [14] . Unless these miRNAs are efficiently released before, or as part of, downstream measurement assays, they will likely go undetected, significantly impacting the miRNA profiles obtained from these samples. Given the low agreement and reduced number of miRNAs detected in unprocessed serum when compared to miRNeasy-processed serum ( Table 1 and Fig.  2) , we hypothesized that performing processing steps that would release miRNAs from vesicles would increase the number of targets detected in these assays.
The H/F-cycling method described here was developed with the intention of disrupting membraned vesicles in plasma and serum to release miRNAs and improve detection by RT-PCR. As clearly demonstrated with the Taqman miRNA array data presented here, the H/F-cycling method significantly increases both the number of targets detected and the reproducibility of results. It is not clear, however, that the H/F process does, in fact, disrupt vesicles and release miRNAs. However, studies have shown that some circulating miRNAs are only present in circulating vesicles. These include: (miR-26a, miR-21-5p, miR-451a, miR-92a, let 7 family -reviewed in [28] ). Interestingly, we did not detect these miRNAs in unprocessed samples, suggesting that the H/F method results in the release of miRNAs from circulating vesicles. Nevertheless, until further work is done to specifically investigate how this process affects vesicles present in plasma and serum, it will remain a working hypothesis that release of miRNAs from microvesicles is the mechanism that improves detection of miRNAs in plasma and serum. Regardless, the H/F-cycling method represents a significant advancement for the reliable detection of miRNAs in blood fractions.
Independent of the methodology used, a subset of miRNAs in each sample comparison is unique to either one or the other sample being compared. A 3μl sampling of a patient sample consisting of 3μl of plasma or serum represents a small fraction of total patient serum. miRNAs that are in sufficiently low copy number within a sample may, or may not, be drawn up when pipetting small volumes for analysis. For high copy number targets, the likelihood of drawing copies of the miRNA into the analytical sample would be high, but for miRNAs with low copy numbers, there may be some randomness to the process that would result in lowabundance targets showing array-to-array detection variability. Similarly, high-throughput array detection methods historically require subsequent target validation steps to substantiate array data [29] . Though extremely valuable to the field, array formats have inherent platform variability, limiting their absolute reliability. Within the context of this study, variability introduced by either the randomness of sampling low copy number miRNAs from large volumes or inherent variability introduced by high-throughput detection array would both result in differences between miRNA profiles between the samples used in these experiments.
The identification of circulating miRNA biomarkers has relied on two distinct fractions of whole blood: plasma and serum. Though similar, these two fractions are distinctly different in composition. Namely, plasma is prepared without the significant activation of platelets and coagulation cascades. The result is a cell-free supernatant that is rich in fibrinogen and low in factors that are released by platelets upon activation. Serum, on the other hand, is created by the activation of coagulation cascades, causing a release of factors stored in platelet granules and the formation of a fibrin clot that is removed upon centrifugation. Some reports indicate that there are differences in the detection of miRNAs from plasma and serum [30, 31] . As shown in Fig. (1B) , major differences are noted when using unprocessed plasma and serum, and the H/F-cycling method increases the number of miRNAs in both samples ( Fig. 5 and S5) . However, it is important to note that plasma used in the current study may contain platelets, and platelet miRNAs may be present. Interestingly, studies have shown that the same miRNAs thought to be enriched in platelets are also exclusively present in exosomes (reviewed in [28, 32] ), and although several of these miRNAs are detected only after the H/F cycle (Supplement Table) , determining the origin of these miRNAs is beyond the scope of this study. Importantly, these data suggest some differences commonly observed between platelet-rich plasma and serum may stem from inefficient handling and/or detection steps, and may contribute to differences in the actual miRNA content of plasma compared to serum.
CONCLUSION
What remains clear from the data presented in this report is that the H/F-cycling of plasma and serum is a reliable method to detect miRNAs from small volume samples. In addition to increasing the number of targets detected to levels that compare with common column-based miRNA purification strategies, H/F-cycling avoids exposing plasma and serum samples to conditions (precipitation or flow-through) that may selectively alter miRNA content. Similar to these studies, Breitbach et al. also showed that detection of cellfree DNA from unprocessed plasma samples results in more robust detection of DNA than initial DNA extraction [33] , which they showed was due to loss of DNA in the flowthrough of purification columns. The H/F-cycling of plasma and serum also avoids the use of denaturants and/or eluents that may inhibit downstream detection assays. Finally, the H/F-cycled samples require only a fraction of the plasma or serum inputs, with only 3ul of plasma or serum being sufficient to detect roughly the same number of miRNA targets. In summary, our results indicate that H/F processing of serum and plasma samples can be a good alternative to RNA extraction in samples in which large volumes are not available.
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